The efficiency of energy transfer through food chains [food chain efficiency (FCE)] is an important ecosystem function. It has been hypothesized that FCE across multiple trophic levels is constrained by the efficiency at which herbivores use plant energy, which depends on plant nutritional quality. Furthermore, the number of trophic levels may also constrain FCE, because herbivores are less efficient in using plant production when they are constrained by carnivores. These hypotheses have not been tested experimentally in food chains with 3 or more trophic levels. In a field experiment manipulating light, nutrients, and food-chain length, we show that FCE is constrained by algal food quality and food-chain length. FCE across 3 trophic levels (phytoplankton to carnivorous fish) was highest under low light and high nutrients, where algal quality was best as indicated by taxonomic composition and nutrient stoichiometry. In 3-level systems, FCE was constrained by the efficiency at which both herbivores and carnivores converted food into production; a strong nutrient effect on carnivore efficiency suggests a carryover effect of algal quality across 3 trophic levels. Energy transfer efficiency from algae to herbivores was also higher in 2-level systems (without carnivores) than in 3-level systems. Our results support the hypothesis that FCE is strongly constrained by light, nutrients, and food-chain length and suggest that carryover effects across multiple trophic levels are important. Because many environmental perturbations affect light, nutrients, and foodchain length, and many ecological services are mediated by FCE, it will be important to apply these findings to various ecosystem types.
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ecological efficiency ͉ ecological stoichiometry ͉ fish ͉ zooplankton ͉ phytoplankton E lucidating the constraints on the efficiency of energy transfer through food chains is necessary for understanding many ecological processes (1) (2) (3) (4) (5) (6) . Food chain efficiency (FCE), defined as the proportion of energy fixed by primary producers that is transferred to the top trophic level, depends on the ecological efficiencies at each trophic coupling (1) . FCE can regulate attributes such as food-chain length and biomass (7) and ecosystem services such as fisheries production (2, 3) , export of carbon from ecosystems (4) , and concentrations of contaminants in organisms (5) .
Although FCE may regulate the number of trophic levels, the reverse may also be true: the number of trophic levels may determine FCE (1) . With 3 trophic levels (plants, herbivores, and carnivores), herbivores may be held in check by carnivores and thus inefficiently consume plant biomass. However, with 2 (or 4) levels, herbivore biomass is unconstrained (or less constrained) by predation, possibly leading to higher herbivore production relative to primary production (1) .
Ecological efficiencies often depend on food-quality attributes such as edibility and nutritional quality. The ecological efficiency of herbivores often depends on plant nutrient stoichiometry (carbon/nutrient ratio) relative to the respiratory demands, nutrient demands, and assimilation efficiency of the herbivore (6, 7). Stoichiometric constraints may be less important for carnivores, because their tissue chemical composition is similar to that of their prey (8) . Thus, it has been proposed that the carbon/nutrient stoichiometry of primary producers constrains energy transfer across multiple trophic levels, i.e., from primary producers to carnivores (8, 9) , but this hypothesis has not been explicitly tested.
The stoichiometry of aquatic primary producers (algae) often reflects the supply of nutrients and light (8, 10, 11) . Algal cell carbon/nitrogen (C/N) and carbon/phosphorus (C/P) ratios decrease with increasing nutrients and decreasing light intensity (10, 12, 13) , and the ecological efficiency of aquatic herbivores is often higher under low light and/or high nutrient conditions, when algal C/P is relatively low (14) (15) (16) . However, other aspects of algal food quality may also covary with stoichiometry, such as morphological features (e.g., size, shape, presence of gelatinous sheaths) and biochemicals (e.g., essential fatty acid and sterol concentrations) (11, 17) . Because algal species differ in these characteristics, phytoplankton taxonomic identity may be a surrogate of food quality.
We explored the general hypothesis that FCE depends on light intensity, nutrient supply, and food-chain length. This field study explicitly quantifies how light and nutrients interactively regulate FCE in systems with 3 trophic levels. In a field experiment using aquatic mesocosms, we tested 3 specific hypotheses: (i) FCE (in food chains of equal length) is highest under low light/high nutrient conditions and lowest at high light/low nutrients; (ii) herbivore ecological efficiency is higher in food chains with just 2 trophic levels than with 3 trophic levels, because herbivores are unconstrained by predation in 2-level systems; and (iii) because herbivores are more constrained than carnivores by food quality, FCE across 3 trophic levels is constrained by herbivore ecological efficiency (ratio of herbivore production to primary production).
Results
In treatments with 3 trophic levels, FCE increased with decreasing light (P Ͻ 0.0001) and increasing nutrients (P ϭ 0.0004), and was highest in the low light/high nutrient treatment, as predicted by our first hypothesis (Fig. 1A) . Across all treatments, herbivore efficiency was affected by the main and interactive (P ϭ 0.0010) effects of light and fish and was greater under low light conditions than under high light (P ϭ 0.0003). In support of our second hypothesis, herbivore efficiency was much higher in the absence of fish than in their presence (P Ͻ 0.0001; Fig. 1 B and C) .
Because fish had strong effects on herbivore efficiency, and we wanted to explore FCE in 3-level systems, we also separately analyzed treatments with and without fish. In treatments without fish, increased light intensity decreased herbivore efficiency (P ϭ 0.0041; Fig. 1C ). Our third hypothesis, that herbivore efficiency constrains FCE, was partially supported, because FCE was also associated with carnivore efficiency, i.e., the ratio of carnivore production to herbivore production (Fig. 1D) . Specifically, increased light intensity decreased both herbivore efficiency and FCE ( Fig. 1 A-C) , whereas increased nutrients increased both carnivore efficiency and FCE ( Fig. 1 A and D) . The observation that nutrients increased FCE and carnivore efficiency, but not herbivore efficiency, suggests that carnivore efficiency at least partially constrained FCE.
Among-treatment differences in ecological efficiencies were accompanied by large differences in phytoplankton quality, based on both phytoplankton stoichiometry and a food-quality index based on phytoplankton taxonomic composition (which is associated with food quality (18) and size [supporting information (SI) Table S1 and Fig. 2 ]. Phytoplankton (seston) C/P was lower in low light treatments in both 2-and 3-level systems.
Nutrients decreased seston C/P at low light (as expected), but increased C/P at high light ( Fig. 2 A and B and Table S1 ). It is unclear why C/P increased in response to nutrients in the high light treatments; perhaps the marked increase in phytoplankton biomass (Fig. 3) caused a depletion in nutrients that led to low cell P content. Supportive of this idea, in the high light treatments, soluble reactive P concentrations (SRP) were not significantly different in treatments with and without nutrient addition; in contrast, at low light, nutrient addition significantly increased SRP (19) . Among-treatment differences in seston C/N were qualitatively similar to those for C/P (Fig. 2 C and D and Table S1 ).
Phytoplankton compositional food quality was generally higher at low light (than at high light) and at high nutrients (than at low nutrients); thus, compositional quality was highest in the low-light/high-nutrient treatments ( Fig. 2 E and F and Table S1 ). Cryptomonads, other small flagellates, and diatoms, typically considered high-quality foods because of their edible size and high nutritional content (18) , dominated phytoplankton in the low-light/high-nutrient treatments (Fig. 3) . In contrast, in the high-light/low-nutrient treatments, phytoplankton biomass was comprised mostly of cyanobacteria (poor food quality) and chlorophytes (intermediate quality; Fig. 3 ). Differences in phytoplankton composition (especially cryptomonads vs. cyanobacteria) between treatments were more pronounced in the presence of fish than in the absence of fish (Fig. 3) . Thus, in the 3-level systems, FCE was highest in the low-light/high-nutrient treatment, where phytoplankton compositional and stoichiometric food quality were also highest.
We used stepwise multiple regressions to better understand the factors mediating efficiencies. In the 3-level systems, the best model (P ϭ 0.0052; Table S2 ) explained 98% of variation in FCE and included phytoplankton compositional food quality (which itself explained 85% of variance), seston stoichiometry, and zooplankton community composition as independent variables. 1 . Light, nutrient, and fish effects on FCE (2-way ANOVA, n ϭ 12, P ϭ 0.0009) (A), herbivore efficiency (3-way ANOVA, n ϭ 23, P ϭ 0.0003) (B and C), and carnivore efficiency (2-way ANOVA, n ϭ 12, P ϭ 0.0138) (D). Each point represents the efficiency for an individual mesocosm, obtained by using production rates averaged over the experiment for each trophic level. Horizontal lines represent treatment means, and letters indicate treatments that are significantly different from each other (Tukey post hoc test). For herbivore efficiency, all 8 treatments (fish absent and fish present) were analyzed together, although they are graphically depicted separately. Note that the scale differs in fish present vs. fish absent treatments for herbivore efficiency. In 2 mesocosms, carnivore efficiency exceeded 1, possibly because toward the end of the experiment fish consumed some benthic algae, although zooplankton still made up the majority of their diet (see SI Text for more details). Note that herbivore efficiency was Ͼ1 in some low light mesocosms, possibly because of some consumption by zooplankton of foods other than phytoplankton, such as other zooplankton (intraguild predation), periphyton, and bacteria. The relative contributions of the production of bacteria and periphyton, relative to PPr, were higher in the low-light treatments (unpublished data). Diagrams represent efficiencies depicted in the graphs. Note the difference in scale between fish absent and fish present treatments. Seston stoichiometry explained 45-67% of the variation in herbivore efficiency, depending on whether analyses considered all treatments or subsets with and without fish (Table S2) . Carnivore efficiency was positively related to percentage of biomass of rotifers and adult copepods ( Fig. 3 ) and phytoplankton compositional quality, which together explained 69% of the variation in carnivore efficiency (Table S2) . One caveat of these analyses is that seston stoichiometry and compositional food quality were moderately correlated with each other (e.g., r 2 ϭ 0.41 for the relationship between seston C/P and compositional quality). Thus, it is difficult to determine the causal effect of specific independent variables.
Interactions between light and nutrients produced a variety of relationships between phytoplankton production (PPr) and fish responses and indicators of algal quality. Fish survival increased linearly with PPr, but the mean mass of surviving fish was lowest with high PPr; as a result, fish production was unimodally related to PPr (Fig. 4 A-C) . Seston C/P was highest with high PPr, whereas compositional food quality exhibited a unimodal trend in response to increasing PPr (Fig. 4 D and E) . The nonlinear relationship between PPr and fish production probably reflects interactive effects of light and nutrients on phytoplankton compositional and stoichiometric quality. Indeed, in terms of phytoplankton quality (and fish production), the 4 treatments were rather distinct from each other, another indication that particular combinations of light and nutrients drove the responses.
To further evaluate how fish performance responded to manipulations of light and nutrients, we compared fish body nutrient contents and ratios at the end of the experiment. Fish mass was used as a covariate because body nutrients often vary with fish size (20) . Fish body C and P contents were significantly different among treatments but responded in opposite ways (Fig.  5 ). Fish body P was highest, and fish body C was lowest, in treatments with nutrients added; both of these responses were greater at low light than at high light (Fig. 5) . As a consequence, fish body C/P and C/N were also lowest in the low-light/highnutrient treatment. Such strong effects on fish body C and P were somewhat unexpected, because fish body stoichiometry (including that of Dorosoma cepedianum) seems to vary predictably with ontogeny (21), implying a possible insensitivity to environmental factors such a nutrients or light.
Discussion
Our results support the hypothesis that increased nutrients and/or decreased light intensity enhances FCE. The mechanisms accounting for these responses are difficult to discern because of potential covariation between different aspects of phytoplankton food quality (11, 16, 18, 22, 23) . Based on our regressions, phytoplankton compositional food quality had the strongest effects on FCE (presumably because taxonomic identity is related to edibility and nutritional quality), but considering herbivore efficiency alone, stoichiometric quality had much stronger effects (Table S2) . In 3-level systems, high FCE was associated with a relative abundance of cryptomonads and diatoms, which dominated under low-light/high-nutrient conditions. These taxa have high concentrations of essential fatty acids (23) and are high-quality food for zooplankton (18) . In our experiment, these taxa were also associated with low seston C/P. In contrast, cyanobacteria, which were most abundant in 3-level systems with high light and low nutrients, have low fatty acid and sterol concentrations, represent the lowest food quality of any taxonomic group, and were associated with high C/P. In addition to the low fatty acid content of cyanobacteria, recent studies indicate that the absence of sterols in cyanobacteria may contribute to their low quality as food for zooplankton (17) . Chlorophytes are generally of intermediate quality in terms of these indicators (18) . In whole phytoplankton assemblages, correlations between species shifts and seston C/P may reflect the different optimal cell stoichiometries of different taxa (24) , but additional study is needed to disentangle these interactions (11) .
FCE was mediated by both herbivore efficiency and carnivore efficiency. Herbivore efficiency and FCE were both higher at low light, and both carnivore efficiency and FCE were higher with elevated nutrient supply (Fig. 1) . The response of both carnivore efficiency and FCE to nutrients may represent a ''carryover effect'' across 3 trophic levels. When algal cells have high concentrations of P and/or essential fatty acids, zooplankton also may exhibit high concentrations of these resources and thus represent higher-quality food for fish, which have high P requirements for rapid growth (16, 23, 25) . In laboratory experiments, differences in zooplankton P content, resulting from differences in phytoplankton P status, have been shown to affect fish growth (16) . In our experiment, fish body P content increased when nutrients were added, suggesting that fish may have been P-limited. P limitation of fish growth might be expected in rapidly growing larvae, because P is needed for RNA Relative biovolume of major phytoplankton taxonomic groups for each treatment, averaged across the experiment. Cya, cyanobacteria; Cryp, cryptomonads; Dia, diatoms; Grn, green algae; Fla, small flagellates; Oth, phytoplankton groups that made up Ͻ10% of total phytoplankton biovolume when averaged across the study within a treatment. (G and H) The relative biomass of major zooplankton taxonomic groups for each treatment was averaged across the experiment. Cla, cladocerans; Adult cop, adult copepods; Nau, nauplii; Rot, rotifers.
synthesis (necessary for rapid growth) and bone development (because bones are comprised of calcium phosphate) (16, 21) . However, we cannot exclude the possibility that increased carnivore efficiency under low-light/high-nutrient conditions is caused by increased fatty acid contents of zooplankton resulting from shifts in phytoplankton taxonomic composition (23) . Our study shows that FCE is constrained by light and nutrient supply, resources that are greatly affected by many global environmental perturbations. For example, eutrophication increases nutrient supply and decreases light intensity (26) , and climate change can affect trophic couplings by altering nutrients, light, and temperature (27, 28) . Fishery yields, which constitute one of the most globally important ecosystem services, are constrained by FCE (3). Thus, understanding how light and nutrient supplies mediate FCE may help explain some of the observed variation in the relationship between primary produc- tion and fishery yields (29) . Conversely, overfishing may affect functional food-chain length (2, 30, 31) possibly shifting food chains between odd-and even-number systems, with additional implications for FCE. Given the manifold importance of FCE, it is imperative that future studies elucidate the particular mechanisms by which it is mediated by light, nutrients, and food-chain length, especially in systems where ecosystem services depend on this efficiency.
Methods
We manipulated light and nutrient supply and the presence or absence of planktivorous fish in 24 polyethylene 5000L mesocosms containing local assemblages of phytoplankton and zooplankton. We used a full-factorial design, with 2 levels of light (high and low), 2 levels of nutrients (high and low), and 2 or 3 trophic levels (presence or absence of planktivorous fish), for a total of 8 treatments with 3 replicates of each. Light was manipulated by using lids with or without 90% light reduction shade cloth. Nutrients were added to half of the mesocosms 3 times per week as NH 4NO3 (50 g of N/L) and as NaH 2PO4⅐H2O (5 g of P/L). Larval gizzard shad (D. cepedianum) were added to half of the mesocosms at a density of 250 fish per mesocosm at the beginning of the study. We began the experiment with a low, but realistic, biomass of fish to allow for quantifiable fish production. Although gizzard shad are omnivorous across all life stages, larvae are carnivores, feeding on zooplankton (31).
We quantified phytoplankton, zooplankton, and limnological parameters before (May 30, 2005) and for 8 weeks after light, nutrient, and fish treatments were applied. We quantified biomass, community composition, and production of all 3 trophic levels, and the nutrient contents and ratios (C/N/P) of phytoplankton and fish. We attempted to quantify zooplankton C/N/P. However, we were unable to feasibly separate phytoplankton from zooplankton assemblages because they overlapped in size, and it was impractical to quantify body C/N/P on individual zooplankton taxa with the number of replicates and sampling dates used in our experiment (see SI Text). Production of each trophic level was measured in units of g of C L Ϫ1 ⅐d Ϫ1 to allow us to calculate FCE. We assessed primary production by using 14 C uptake, zooplankton production by using temporal dynamics in body size and egg production, and fish production by using initial and final biomass (see SI Text for details on sample collection and production methods). FCE was quantified as production of the top trophic level divided by PPr. In addition, we quantified ecological efficiencies at each trophic coupling: herbivore efficiency ϭ zooplankton production/PPr, and carnivore efficiency ϭ fish production/zooplankton production.
A detailed description of methods is presented in SI Text. . Mesocosms were filled 25% with water from Acton Lake (a hypereutrophic reservoir) and 75% were filled with water from an oligotrophic pond at the ERC, providing a regional assortment of plankton species representative of local water bodies and allowing us to assess their response to light, nutrients, and fish. The experiment lasted for 8 weeks from June 6 to July 25, 2005. We used a 3-way full-factorial design with 2 levels of light, 2 levels of nutrients, and the presence or absence of fish, with 3 replicates per treatment. Fish were accidentally added to 1 tank originally assigned to the high-light/high-nutrients/fishabsent treatment. In addition, tadpoles colonized one of the tanks of the high-light/low-nutrient/fish-present treatment. Therefore, the high-light/high-nutrients/fish-present treatment had 4 replicates, whereas the high-light/high-nutrients/fishabsent and high-light/low-nutrient/fish-present treatments each had 2 replicates. All mesocosms were covered with lids that were raised 3 inches from the top of the mesocosms to allow for air exchange and with clear plastic to minimize allochthonous inputs. Half of these lids also were covered with 90% light reduction Sudden Shade cloth (DeWitt) to give low-light treatments. The lids reduced the light reaching the top of the water column to 8% (low-light treatment) or 68% (high-light treatment) of ambient light levels. Light in the mixed layer of the mesocosms ranged from 4% to 40% of ambient light. These light levels are representative of those found in Ohio reservoirs (1, 2) .
Nutrients (N and P) were added to half of the mesocosms (high-nutrient treatments), and no nutrients were added to the low-nutrient treatments. We used larval gizzard shad (D. cepedianum) in the fish treatments because they are abundant in Midwestern reservoirs and are planktivorous as larvae and juveniles (Ͻ30 mm) (3). We added larval fish rather than larger fish, so that they could grow and allow us to quantify fish production. To obtain larval gizzard shad, we collected 100 adult gizzard shad from Acton Lake during the spring of 2005 and placed them in an experimental pond located very close to our experimental tank facility at the ERC, where they spawned. We collected larval gizzard shad from the pond and added them to half of the mesocosms at a density of 250 fish per mesocosm (0.543 mg fish per L). The mean size of larval gizzard shad added to the experiments was 13.5 (3.4 SD) mm in total length. Larval mortality is high in nature and can be substantial when handling these small fish (3). Therefore, we added larvae to the mesocosms by using a procedure designed to minimize mortality. We collected larvae at night by shining lights on the surface of the pond, and larvae attracted by the lights were gently transferred to containers with pond water. Larvae were examined to ensure they were healthy before they were added to mesocosms with a small amount of pond water. Nevertheless, we expected mortality because small larvae have relatively low survival rates even in lakes where gizzard shad are abundant (4). Thus, 100 dead larval gizzard shad were added to the no-fish treatments to account for the expected initial rate of fish death and the associated potential nutrient subsidy (Ϸ26.6 g N/L and 3.32 g P/L, i.e., Ͻ1 nutrient addition to the nutrient treatments).
Integrated water samples (from the surface to 1 m) were collected to quantify phytoplankton (community composition, biomass, and cell stoichiometry) and zooplankton (community composition and biomass) responses. Samples for phytoplankton community composition were collected during alternate weeks of the study and were preserved in Lugol's solution. We measured phytoplankton biomass (as chlorophyll-a) 3 times a week and seston C, N, and P concentrations twice a week to assess the phytoplankton C/N/P stoichiometric response. Water for primary production was collected once a week and was kept at mesocosm temperature in dark Nalgene bottles until experiments were performed. We used a 10-L Schindler-Patalas trap (63-m mesh size) to collect zooplankton samples at 0 and 0.5 m once a week. Samples were preserved in 10% sugared formalin. We measured light intensity as photosynthetically available radiation (PAR) 3 times a week, in 0.5-m increments by using a Li-Cor 1400 m with a spherical quantum sensor.
We determined the number of fish surviving and the size of all surviving fish at the end of the experiment. To estimate initial fish size, we measured a subsample of 68 fish during the addition of the larval fish to the experiment. We estimated fish weight (initial and final) by using a length-weight regression developed for larval gizzard shad from Acton Lake (A. Pilati and M.J.V., unpublished data):
where W is weight (g) and L is length (mm). We analyzed the C, N, and P content of 15 fish collected during the introduction of the larvae to the experiment and a minimum of 15 fish (or as many as remained in each mesocosm) at the end of the study. We also looked at the contents of a subsample of fish guts at the middle and end of the study to assess whether they remained zooplanktivorous. Although benthic algae were present, in the fish gut content, zooplankton made up the majority of gut contents at the end of the study, indicating that they were mainly zooplanktivorous throughout the study.
Sample Analysis.
Chlorophyll-a samples were filtered onto Pall A/E glass fiber filters and frozen in the dark. Subsequently, chlorophyll-a was extracted from the filters in the dark at 4°C by using acetone and measured on a Turner model TD-700 fluorometer.
We screened seston C, N, and P samples through a 63-m mesh to remove most zooplankton and subsequently filtered the seston onto preashed Pall A/E glass fiber filters (1.0-m pore size). To assess fish body C, N, and P concentrations, fish were gutted and dried until they reached a constant weight at 60°C. Fish were then ground to a powder by using a mortar and pestle. C and N of seston and fish were measured with a PerkinElmer series 2400 CHN analyzer. We digested P samples with HCl to convert particulate P to soluble reactive phosphorus (SRP) (5) and measured SRP with a Lachat QC 8000 FIA autoanalyzer (Lachat Instruments).
Phytoplankton Biovolume and Production. Phytoplankton were counted and identified to the lowest possible taxonomic group with an inverted microscope. We measured 20 cells of each taxonomic group and calculated biovolume by using the formula of the nearest geometric shape (6) .
We estimated phytoplankton food quality in terms of taxonomic composition because phytoplankton species differ in their edibility. Phytoplankton size also affects edibility, as larger phytoplankton are not easily consumed by filter-feeding zooplankton (7). Therefore, we created a compositional foodquality ranking based on information presented by Brett (8) on the relative growth of daphnids fed each of 4 common phytoplankton taxa (diatoms, cryptophytes, chlorophytes, and cyanobacteria). We ranked each phytoplankton taxon on a scale of 0-2, with higher values representing higher taxonomic food quality. We considered all phytoplankton taxa with axial linear dimension (GALD) Ͼ30 m poor quality food (7) and assigned these a score of 0. For phytoplankton with GALD Ͻ30 m, we assigned a food-quality score based on taxonomy. Cryptophytes and diatoms were considered high-quality food and assigned a score of 2, cyanobacteria poor quality food (0), and chlorophytes and all other groups as medium quality food (1.24), as estimated from figure 4 in ref. 8 . We calculated an index of phytoplankton compositional food quality for each mesocosm by weighting the taxonomic quality of each taxon by its relative proportion of phytoplankton biovolume, averaged across the 8 weeks of the study.
We measured phytoplankton primary production weekly by using 14 C uptake following the methods of Fee (9) . NaH 14 CO 3 was added to water samples, which were incubated at mesocosm temperature in a climate-controlled chamber at a range of light levels to generate chlorophyll-specific photosynthesis-irradiance (PI) curves. We generated PI curves each week for each mesocosm. We then used the PI curve data together with light attenuation and chlorophyll data (obtained 3 times per week) and hourly data on incident PAR, to estimate volumetric primary production in each mesocosm by using the computer programs PSPARMS and YPHOTO (9) and light intensity (PAR) in mesocosms. Incident PAR was obtained from the meteorological station at the ERC; these data are part of the Environmental Protection Agency's Clean Air Status and Trends (CASTNET) program (www.epa.gov/castnet). We adjusted PAR data for the effects of the mesocosm lids. For more detailed methodology on 14 C measurement of primary production, see Knoll et al. (1) .
Zooplankton Enumeration. Zooplankton were counted and identified by using dissecting (for crustaceans) and compound (for rotifers) microscopes. We identified cladocerans and rotifers to genus or species, and copepods as cyclopoids, calanoids, and nauplii. For crustaceans, we counted and measured at least 20% of the individuals in each sample. After 20% of the sample was processed, we continued to count only those crustacean taxa sufficiently abundant (Ն25 or more individuals), along with their eggs or embryos, until a total of 50 individuals were counted. Taxa with Ͻ25 individuals in 20% of the sample were considered rare and enumeration did not continue. For rotifers, we processed 60% of the sample or counted at least 200 individuals.
We used published length to dry weight regression equations (11) to estimate crustacean biomass, except for nauplii, for which we used the equation described by Boucherle (10) . We calculated rotifer biomass by using geometric formulas that approximate the volume of individuals (11) . We converted rotifer volume to wet weight, assuming a specific gravity of 1. We estimated dry weight as 0.1 ϫ wet weight (12) .
Zooplankton Production. We estimated cladoceran production by using the methodology described by Mason (13) . We determined egg development times as (14) :
where D is development time (days) and T is water temperature (°C). For Daphniidae: a ϭ 3.3956, b ϭ 0.2193, and c ϭ Ϫ0.3414; for other cladocerans: a ϭ 2.327, b ϭ 1.2472, and c ϭ Ϫ0.5647.
We calculated the instantaneous birth rate (bЈ) and the instantaneous rate of increase (rЈ) as (15):
where C is the density of eggs or neonates (eggsϩneonates/L), and N is the population density (individuals/L). N t1 and N t2 represent the population densities at times t 1 and t 2 respectively, and t is days between sampling dates. We calculated the instantaneous death rate (mЈ), the finite death rate (M), and turnover rate (T) according to Lynch (16) as:
Finally, we calculated production (g C/L/day) of each crustacean taxa (P taxa ) as:
where W ϭ biomass.
We calculated copepod production (g C/L per day) as the sum of the production for three major stages: eggs, nauplii, and copepodites, using methods similar to Bean (17):
where N e is density of eggs (eggs/L), N n and N c are density of nauplii (individuals/L) and copepodites (individuals/L), W is weight increment during each stage (g), and T is time of duration of each stage (days).
Copepodite and adult stages were not distinguished during counting. Therefore, we considered the length of the smallest egg-bearing individual encountered across all samples in each treatment as the minimum adult length. Smaller individuals were considered copepodites. We used the proportion of copepodites/ adults in the subsample of individuals measured to calculate the relative densities of copepodites and adults. Similarly, we did not distinguish cyclopoid and calanoid nauplii, and we used the relative proportions of the cyclopoid/calanoid copepodites to estimate naupliar densities. Nauplii and copepodites for each taxonomic group (cyclopoids, calanoids) were divided into 0.1-mm increments, and densities and dry weights for each size class were calculated. We used the density for each size class (d sc ), the dry weight gained when an organism grew from one size class to the next (I w ), and the developmental time (D) to estimate copepod production for each mesocosm as:
Egg weight was considered to be 25% of the dry weight of the smallest measured nauplius and developmental time equations were calculated as (18) :
For calanoid eggs: a ϭ 2.9829 and b ϭ Ϫ0.2189; for calanoid nauplii: a ϭ 3.9227 and b ϭ Ϫ0.2338; and for calanoid copepodites: a ϭ 4.2311 and b ϭ Ϫ0.2151. For cyclopoid eggs: a ϭ 3.1100 and b ϭ Ϫ0.3013; for cyclopoid nauplii: a ϭ 3.8531 and b ϭ Ϫ0.2144 and for cyclopoid copepodites: a ϭ 4.2444 and b ϭ Ϫ0.2207. For rotifers, the method used to calculate production depended on whether or not we had egg data for that taxon, because egg data could be obtained only for taxa carrying external eggs. We used finite birth rate and dry weight to calculate rotifer production (19) . Egg development time (D) in days was calculated as (14):
where ln a ϭ 2.7547, b ϭ Ϫ0.2484, c ϭ Ϫ0.2408, and T ϭ water temperature (°C). The finite birth rate was calculated as (20) :
where E ϭ average clutch size (number of eggs per individual). Recruitment of new individuals (P N ) was calculated as:
where N f ϭ density of females. Finally, production was calculated as:
where W ϭ mean individual dry weight (g).
Production for rotifer taxa that do not carry external eggs was estimated by using the average production-to-biomass ratios (P/B) calculated for rotifers for which egg data were available, for each mesocosm on each sampling date (21) .
We assumed that the organic carbon content of all crustacean and rotifer zooplankton was 48% of the dry weight (22) . To obtain gross production (i.e., net production plus mortality), death rates were converted to C units and added to net production estimates.
Fish Production. We estimated fish production from measurements of fish biomass and body C content. In each mesocosm, we calculated the fish biomass (initial or final) by multiplying mean individual fish mass (g/individual) by the number of fish. These values were multiplied by the C content of fish to express biomass as g C/mesocosm. Fish production for each mesocosm (g C/L per day) was calculated as:
where P fish ϭ production rate, C final ϭ total fish C per mesocosm at the end of the study, C initial ϭ total fish C per mesocosm at the beginning of the study, and t ϭ length of the study in days.
Statistical Analyses. To assess the effects of light, nutrients, and fish (and their interactions) on phytoplankton, zooplankton, and fish production and FCE, we used a 3-way ANOVA (when all treatments were analyzed together) or 2-way ANOVA (when treatments with or without fish were analyzed separately) with a Tukey test. Because of the scarcity of zooplankton in the treatments with fish, we analyzed the trends in treatments with and without fish separately. Multiple, stepwise regressions were also used to better understand factors that can predict ecological and food chain efficiencies. Predictor variables included phytoplankton (seston C/P, C/N, and compositional food quality) and zooplankton (percent of zooplankton biomass comprised of cladocerans, adult copepods, nauplii, and rotifers) variables. Only phytoplankton stoichiometry and food quality were used in the herbivore efficiency regression. We also used regression models that included the relative contributions of taxonomic groups to total zooplankton production (i.e., percentage of of total production instead of biomass), but these models were dropped because models with percentage of biomass consistently explained a higher proportion of variance.
To assess zooplankton and fish responses to phytoplankton primary production, we regressed zooplankton and fish parameters against primary production, using either linear or polynomial regression, as appropriate. We analyzed fish parameters at the end of the experiment (whole-body C, N, P, and their ratios) for main and interactive effects by using ANCOVA with treatment as a categorical variable and fish wet mass as a covariate.
Before analyses, all values were ln-transformed, with the exception of percent composition of zooplankton groups, which was arcsin square-root transformed, and phytoplankton food quality, which was not transformed. All statistical analyses were performed with JMP (SAS Institute). Table S1 . The effects of light and nutrient supply on phytoplankton, zooplankton, and fish parameters as assessed by 2-way ANOVA 
